Introduction
============

Sturgeons represent an ancient group of fish with slow evolution, which maintained their morphological characteristics for more than 200 million years ([@b3-gmb-37-587]). Overfishing and poaching for the valuable caviar and meat, the interruption of the migratory routes as a consequence of dam constructions and pollution represents the factors that have affected sturgeon populations worldwide.

At present, 27 species of sturgeon and paddlefishes (Order Acipenseriformes) are found on the IUCN Red List, the majority being classified as "Critically Endangered", and four species are now possibly extinct (<http://www.iucn.org>). In this situation it is crucially important to develop efficient programs aiming at conservation, repopulation of their original habitats and aquaculture, not only for supplying the request of the market for meat and caviar, but also to raise appropriate reproducer sturgeons in the attempt of recover wild populations. A sustained effort must now to be directed at protecting the diversity residing within species by altering harvest and hatchery release programs to sustain locally adapted gene pools ([@b17-gmb-37-587]).

In order to have efficient conservation and restocking programs it is absolutely necessary to designate and properly manage conservation units. The diagnosis of conservation units typically includes recognition of genetic diversity and specifically unique evolutionary lineages or Evolutionary Significant Units (ESUs) ([@b8-gmb-37-587]). In fact one of the aims of endangered species conservation should be directed to the identification of ESUs, defined broadly as a subspecies, population or group of populations with a high genetic and ecological distinctiveness ([@b1-gmb-37-587]) and characterized by reproductive isolation and adaptation ([@b43-gmb-37-587]); reciprocal monophyly at mtDNA loci ([@b28-gmb-37-587]); the lack of "ecological exchangeability" (different life histories, morphology, quantitative trait locus variation, habitat, predators, etc.) and of "genetic exchangeability" (no recent gene flow, concordance between phylogenetic and geographic discontinuities) ([@b14-gmb-37-587]).

Historically, the Ponto-Caspian region hosted numerous sturgeon species, but nowadays only six of them inhabit the seas from the region and their tributaries ([@b34-gmb-37-587]). The Ponto-Caspian region comprises the basins of the Black Sea, Caspian Sea and Azov Sea. The Black Sea and Azov Sea are interconnected by Kerch Strait, while the Caspian Sea is completely separated from the other two basins. The major rivers in this region are Volga and Ural (flowing into the Caspian Sea), Danube, Dnieper and Dniester (flowing into the Black Sea), Don and Kuban (flowing into the Azov Sea), which together with their tributaries provide spawning grounds for anadromous sturgeon species from the three seas.

Based on morphological and ecological features there is a subspecies designation that corresponds to their distinct geographical distribution into separate basins: *H. huso maeoticus* is originating in the Azov Sea, *H. huso ponticus* in the Black Sea and *H. huso caspicus* in the Caspian Sea; *A. stellatus donensis* is specific to the Azov Sea, *A. stellatus ponticus* to the Black Sea and *A. stellatus stellatus* to the Caspian Sea ([@b31-gmb-37-587]; [@b35-gmb-37-587]). Within *A. gueldenstaedtii*, one subspecies corresponds to the Black Sea/Azov Sea (*A. gueldenstaedtii colchicus*) and one to the Caspian Sea (*A. gueldenstaedtii gueldenstaedtii*) ([@b41-gmb-37-587]).

The main goal of our study was to infer the conservation units for three anadromous sturgeon species (*H. huso, A. stellatus* and *A. gueldenstaedtii*) from the Ponto-Caspian region by using the mitochondrial control region as marker to clarify the intraspecific genetic differentiation of these species. By using sequences from the GenBank data base for sturgeons from the Caspian Sea and Azov Sea, as well as our own sequences for sturgeons individuals sampled in the Lower Danube as references for the Black Sea population, we tested phylogeographic structure of the three sturgeon species and the genetic support and validity of their classification as subspecies and distinctive units for conservation.

Material and Methods
====================

Sampling and DNA isolation
--------------------------

The individuals used in this study were captured in the Lower Danube in a national scientific research study for restocking and monitoring. Sampling did not jeopardize the life and welfare of the animals as only very small fragments of fins were sampled before the animals were tagged and again released into the river.

Biological samples represented by small fin tissue pieces were collected between 2001 and 2008 from 78 sturgeon individuals (27 *A. stellatus*,28 *A. gueldenstaedtii* and 23 *H. huso*) from the Lower Danube River. The provenance of the sturgeon samples used in this study is shown in [Figure 1](#f01){ref-type="fig"}.

![Sampling region for Romania and the provenance of samples obtained from GenBank.](gmb-37-587-g001){#f01}

On field collection, the tissue specimens were fixed in 96% ethanol and preserved as such until the DNA extraction was accomplished. Total DNA was isolated using a standard phenol-chloroform method ([@b37-gmb-37-587]) with minor modifications.

Mitochondrial DNA analysis
--------------------------

The entire control region and partial sequences of the flanking tRNA genes were amplified using the primer pair ProF: 5′-ACCCTTAACTCCCAAAG-3′ and PheR: 5′-GCTTTAGTTAAGCTACGC-3′. The primers used are matching to proline and phenylalanine tRNA genes, respectively. The primers were designed with Primer 3 software ([@b25-gmb-37-587]; [@b40-gmb-37-587]).

The PCR amplifications were conducted in a thermocycler GeneAmp 9700 PCR System (Applied Biosystems) under the following conditions: 95 °C for 10 min, followed by 35 cycles of 95 °C for 30 s, 52 °C for 30 s and 72 °C for 60 s. The reactions were carried out in 25 μL final volume containing 50 ng DNA template, 1X AmpliTaq Gold Reaction Buffer, 1.5 mM MgCl~2~, 200 μM of each dNTPs, 0.4 μM of each primer and 0.5 U of AmpliTaq Gold Polymerase (Applied Biosystems). The PCR products were purified using a WizardSV Gel and PCR Clean-Up System Kit (Promega).

Sequencing reactions were performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) and the purification of the sequencing products was completed with BigDye-XTerminator (Applied Biosystems). The purified fluorescently labeled products were loaded and analyzed into an ABI Prism 3130 Genetic Analyzer (Applied Biosystems). For excluding errors, both strands of the amplicons were sequenced.

Data analysis
-------------

The sequences obtained for the Lower Danube individuals were included in the group of sequences for the Black Sea sturgeon population and were aligned and compared with similar sequences from GenBank for sturgeons from the Black Sea, Azov Sea and Caspian Sea (see [Table S1](#SD1){ref-type="supplementary-material"}). The D-loop sequences were truncated to 731 bp in *A. stellatus*, 641 bp in 9 *H. huso* and 695 bp in *A. gueldenstaedtii* to accommodate them to the shorter sequences from GenBank selected for analysis. For our sequences, the distinct haplotypes only were considered for further analyses. The sequences representing distinct haplotypes were deposited in GenBank with the following access numbers: KF431840 - KF 431846 (*H. huso*), KF431847 - KF431850 (A*. gueldenstaedtii*) and KF431851 - KF431857 (*A. stellatus*). The sequences were aligned using ClustalX 2.0.9 software ([@b26-gmb-37-587]). The genetic diversity in terms of number of haplotypes, nucleotide diversity and haplotype diversity were calculated using DnaSP v5.1 ([@b27-gmb-37-587]) The genetic differentiation between populations based on the fixation index (F~ST~) and other statistical indices of differentiation (Gamma~ST,~ H~s~, K~s~^\*^) were computed using the same software. Statistical significance was tested by permutation with 10,000 replicates. The analysis was accomplished with gaps included and considered as a fifth state. The N~m~ value calculated in DnaSP was used to estimate the gene flow based on F~ST.~ For this analysis we eliminated the two sequences of *H. huso maeoticus* because a larger number of samples would have been necessary for a precise diagnosis of subspecies definition and for inferring ESUs ([@b42-gmb-37-587]).

The mtDNA sequences were analyzed by using the discrete character-based methodology of population aggregation analysis (PAA) ([@b15-gmb-37-587]). The PAA groups taxa together based on the presence of fixed traits such that they are diagnosable distinct from one another ([@b13-gmb-37-587]).

We inferred a haplotype network of D-loop sequences using a median-joining algorithm implemented in NETWORK v4.6.1 ([@b2-gmb-37-587]) with default settings (ɛ = 0) and the variable sites weighted equally (weight = 10). The network was rooted with *Acipenser baerii*.

The phylogenetic relationships were inferred by Neighbor Joining (NJ) and Maximum Likelihood (ML) algorithms implemented in MEGA v5 ([@b38-gmb-37-587]). The best-fit model of sequence evolution was selected using the Akaike Information Criterion (AIC) from ModelTest ([@b32-gmb-37-587]). Bootstrap analyses (1000 replications) were used to assess the confidence of each node. The phylogenetic trees were visualized with TreeView ([@b30-gmb-37-587]). The Siberian sturgeon, *A. baerii* (NC_017603) was used as an outgroup species both for network and tree construction.

Results
=======

Polymorphism analysis of mtDNA data
-----------------------------------

Among the sequences that we obtained for individual sturgeons sampled in the Lower Danube River we identified four distinct haplotypes in 28 specimens of *A. gueldenstaedtii*, seven haplotypes in 27 specimens of *A. stellatus,* and seven haplotypes in 23 specimens of *H. huso*. For testing the subspecies existence hypothesis and for an overview of the genetic differentiation our sequences representing distinct haplotypes were aligned and compared with similar control region sequences from GenBank, corresponding to sturgeon from the Black Sea, Caspian Sea and Azov Sea. The sequence alignments comprised 32 D-loop sequences for *A. gueldenstaedtii*, 78 sequences for *A. stellatus* and 43 sequences for *H. huso*. Due to the reduced number of sequences deposited in GenBank for *H. huso maeoticus* originating in the Azov Sea, these were excluded from most further analyses, except for the network and tree constructions. In the alignments, gaps were included and considered as a fifth state. We identified 23 distinct haplotypes in *A. gueldenstaedtii*, 65 haplotypes in *A. stellatus* and 30 haplotypes in *H. huso* for sturgeon individuals with distinct geographical origin.

Among the 23 distinct haplotypes identified in *A. gueldenstaedtii*, five are shared by more than one individual. Thus, one haplotype was common to six individuals from the Black Sea population and one was shared by two individuals from the same population; one haplotype was shared by two individuals from the Azov Sea population, and each of other two haplotypes were common for two individuals sampled in the Caspian Sea basin. The sequences obtained for our samples of *A. gueldenstaedtii* from the Danube River represent unique haplotypes.

In the case of *A. stellatus*, ten of the 65 haplotypes were shared by multiple individuals and the others were unique haplotypes. Except for two haplotypes that were common for *A. stellatus* individuals belonging to different populations, the other haplotypes were shared by individuals from the same basin. The haplotypes for the *A. stellatus* sampled in the Danube River and belonging to the Black Sea population represent unique haplotypes, with one exception, when a haplotype was shared by one individual from the Black Sea population and one individual from the Caspian Sea population.

Among the 36 haplotypes identified in *H. huso*, 32 represented unique haplotypes, whereas the rest was shared by different individuals. Two of the seven haplotypes characteristic for *H. huso* individuals sampled in the Lower Danube were in common with some sequences from GenBank. Thus, one of the haplotypes was shared with one individual from the Black Sea population and two individuals from the Caspian Sea population, and the other one was shared with one individual from the Black Sea population. [Table 1](#t01){ref-type="table"} presents the calculated values for diversity indices, such as haplotype diversity, nucleotide diversity and number of polymorphic sites that describe the DNA sequence polymorphism and, thus, the amount of intraspecific genetic variation.

###### 

Diversity indices of *A. gueldenstaedtii*, *A. stellatus* and *H. huso* populations.

  Subspecies                             Origin                   n    H    H~d~      (Pi)      Variable sites   Parsimonious sites   Singleton sites
  -------------------------------------- ------------------------ ---- ---- --------- --------- ---------------- -------------------- -----------------
  *A. gueldenstaedtii colchicus*         Sea of Azov              4    3    0.84762   0.02854                                         
  *A. gueldenstaedtii colchicus*         Black Sea                15   9    0.83333   0.03633                                         
  *A. g. colchicus*                      Azov Sea + Caspian Sea   19   12   0.9006    0.03527                                         
  *A. gueldenstaedtii gueldenstaedtii*   Caspian Sea              13   11   0.97436   0.05005                                         
  *A. gueldenstaedtii overall*                                    32   23   0.9617    0.04494   134              93                   41
  *A. stellatus donensis*                Sea of Azov              34   28   0.98396   0.01352                                         
  *A. stellatus ponticus*                Black Sea                38   34   0.99341   0.01864                                         
  *A. stellatus stellatus*               Caspian Sea              6    5    0.93333   0.01937                                         
  *A. stellatus overall*                                          78   65   0.99434   0.01642   108              76                   32
  *H. huso ponticus*                     Black Sea                18   16   0.98693   0.01603   75               41                   34
  *H. huso caspicus*                     Caspian Sea              25   21   0.98333   0.01633                                         
  *H. huso overall*                                               43   36   0.98782   0.01671                                         

n = number of individuals; H = number of haplotypes; H~d~ = haplotype diversity; P~i~ = Nucleotide diversity.

The haplotype diversity (H~d~) highlights the uniqueness of a particular haplotype in a given population. For *A. gueldenstaedtii* populations the haplotype diversity ranged from 0.83333 to 0.97436, with a mean of H~d~ = 0.9617, for *A. stellatus* populations the values for H~d~ ranged from 0.99341 to 0.93333, with a mean of 0.99434, and for *H. huso* populations we obtained a haplotype diversity of 0.98693 and 0.98333, with a mean of 0.98782. Haplotype diversity was found to be high in all the sturgeon species, with an intraspecific value over 0.95, and also when calculated separately for each populations.

In contrast, the nucleotide diversity (P~i~) was relatively low for each population. The average number of nucleotide differences per site between two randomly selected sequences, or nucleotide diversity, was 0.01642 in *A. stellatus* populations and 0.04494 in *A. gueldenstaedtii* populations. An intermediate value of 0.01671, but very similar to the P~i~ of *A. stellatus* populations, was determined for *H. huso* populations. The highest nucleotide diversity was found in *A. gueldenstaedtii* populations, particularly in *A. gueldenstaedtii gueldenstaedtii* from the Caspian Sea. Lower nucleotide diversity was denoted for *A. gueldenstaedtii colchicus* from the Black Sea and Azov Sea basins, but we need to consider that for the Azov Sea population we analyzed only four individuals. For the *A. stellatus* and *H. huso* populations, the values for P~i~ were similar and lower than 0.02, with *A. stellatus ponticus* and *A. stellatus stellatus* presenting the highest nucleotide diversity. Thus, nucleotide diversity was relatively low for all analyzed sturgeon populations. The low diversity highlighted by our analysis might be the consequence of a relative recent divergence between different sturgeon populations, or be due to a severe population bottleneck during sturgeon evolution.

Population Aggregation Analysis (PAA)
-------------------------------------

In *A. gueldenstaedtii,* we identified 134 variable sites in which we detected 136 polymorphisms (130 transitions, 3 transversions and 3 indels). A total of 108 variable sites including 110 polymorphisms (100 transitions, 9 trans-versions and 1 indel) were detected in *A. stellatus*. Among the 75 variable sites in *H. huso* thes included 80 different polymorphisms with 68 transitions, 7 transversions and 5 indels.

The PAA analysis of unique haplotypes, as identified by DNAsp, did not recover fixed nucleotide differences (characters), and thus it was not possible to differentiate between characters and traits (polymorphic sites) in the sequence data sets of the three Ponto-Caspian species ([Figures S1](#SD2){ref-type="supplementary-material"}, [S2](#SD3){ref-type="supplementary-material"} and [S3](#SD4){ref-type="supplementary-material"}). The existence of diagnostic characters representing an obvious evidence of phylogenetic distinctiveness, if common to all analyzed individuals within a hypothetic ESU (subspecies or allopatric population), was not revealed by our analysis. Thus, the genetic evidences did not support the classical subspecies designation for *A. gueldenstaedtii*, *A. stellatus* and *H. huso*.

Genetic differentiation analysis
--------------------------------

The divergence between populations was estimated mainly by Wright's Fixation Index (F~st~), which can range from 0 (no genetic differentiation) to 1 (complete differentiation between population). For a more reliable interpretation of genetic differentiation data we also evaluated the Gamma~st~ values, which represent an unbiased estimate of F~st~ that corrects for errors associated with incomplete sampling of populations and is more suitable for mitochondrial haplotype data ([@b44-gmb-37-587]). Pairwise differences of the populations were calculated as Fst values, which can also be used to measure the short-term genetic distances between the populations ([@b33-gmb-37-587]). The values for all statistical indices were similar, indicating low to moderate genetic differentiation between the populations ([Table 2](#t02){ref-type="table"}).

###### 

Genetic differentiation and gene flow analysis statistical indices values.

  Species                Population 1 (Subspecies)                               Population 2 (Subspecies)                            H~s~                                           K[^\*^](#tfn04){ref-type="table-fn"}~s~          Gamma~st~   F~st~     N~m~
  ---------------------- ------------------------------------------------------- ---------------------------------------------------- ---------------------------------------------- ------------------------------------------------ ----------- --------- -------
  *A. gueldenstaedtii*   Black Sea (*A. gueldenstaedtii colchicus*)              Azov Sea (*A. gueldenstaedtii colchicus*)            0.84571[^\*^](#tfn04){ref-type="table-fn"}     2.83066[^\*^](#tfn04){ref-type="table-fn"}       0.07656     0.08422   5.44
                         Black Sea (*A. gueldenstaedtii colchicus*)              Caspian Sea (*A. gueldenstaedtii gueldenstaedtii*)   0.9057[^\*\*^](#tfn05){ref-type="table-fn"}    3.10564[^\*\*\*^](#tfn06){ref-type="table-fn"}   0.13096     0.16998   2.44
                         Azov Sea (*A. gueldenstaedtii colchicus*)               Caspian Sea (*A. gueldenstaedtii gueldenstaedtii*)   0.95266 (ns)                                   3.30015 (ns)                                     0.08312     0.10834   4.11
                         Black Sea + Azov Sea (*A. gueldenstaedtii colchicus*)   Caspian Sea (*A. gueldenstaedtii gueldenstaedtii*)   0.92957[^\*\*^](#tfn05){ref-type="table-fn"}   3.15148[^\*\*^](#tfn05){ref-type="table-fn"}     0.11413     0.14836   2.87
  *A. stellatus*         Black Sea (*A. stellatus ponticus*)                     Azov Sea (*A. stellatus donensis*)                   0.98944[^\*\*^](#tfn05){ref-type="table-fn"}   2.50758[^\*^](#tfn04){ref-type="table-fn"}       0.02863     0.02940   8.25
                         Black Sea (*A. stellatus ponticus*)                     Caspian Sea (*A. stellatus stellatus*)               0.98821 (ns)                                   2.62656 (ns)                                     0.02695     0.00825   30.07
                         Azov Sea (*A. stellatus donensis*)                      Caspian Sea (*A. stellatus stellatus*)               0.97833[^\*^](#tfn04){ref-type="table-fn"}     12.22485 (ns)                                    0.04130     0.02740   8.87
  *H. huso*              Black Sea (*H. huso ponticus*)                          Caspian Sea (*H. huso caspicus*)                     0.98481 (ns)                                   2.46697[^\*^](#tfn04){ref-type="table-fn"}       0.04016     0.03411   7.08

H~s~ - genetic differentiation based on haplotype data; K~s~[^\*^](#tfn04){ref-type="table-fn"} - genetic differentiation based on sequences data; F~ST~, Gamma~ST~ - genetic differentiation; N~m~ - gene flow.

Statistical significance:

, 0.01 \< p \< 0.05;

, 0.001 \< p \< 0.01;

, p \< 0.001; ns, not significant.

The F~ST~ values were lower than 0.1 for *A. stellatus* and *H. huso,* indicating a low genetic divergence between populations, despite their distinct geographic origin. *A. stellatus* and *H. huso* showed no structuring, and the studied populations appeared to belong to one panmictic population. In contrast, the pairwise *F*~ST~ values were relatively high and statistically significant, indicating a certain divergence in *A. gueldenstaedtii* populations. Thus, a moderate level of genetic differentiation was found among the populations of *A. gueldenstaedtii.* The lowest level of differentiation was evidenced among the Black Sea and Azov Sea populations, the other comparisons within *A. gueldenstaedtii* showing a value of F~ST~ \> 1. For testing the subspecies hypothesis we analyzed as distinct groups *A. gueldenstaedtii colchicus* (from Black Sea and Azov Sea) *vs. A. gueldenstaedtii gueldenstaedtii* (from Caspian Sea). In this case, the values of statistical indices also indicated a moderate differentiation between the two groups. With two exceptions, the values of N~m~ calculated from F~ST~ are, all higher than 4. A small degree of differentiation was, thus, directly observed, while an intensive gene flow between the analyzed populations is indirectly inferred.

Phylogenetic analysis of mitochondrial data
-------------------------------------------

Based on the AIC criterion we selected the Tamura 3-Parameter as the best-fit model of nucleotide evolution in a gamma distribution of rates for both NJ and ML analyses. The haplotypes were distributed randomly along the both NJ and ML trees and were not associated with geographic origin (*i.e.* the proposed subspecies). The phylogenetic analysis did not support the grouping of haplotypes by geographic origin and/or classical subspecies designation. No monophyletic groups corresponding to populations/sub-species were recovered ([Figures 2](#f02){ref-type="fig"}, [3](#f03){ref-type="fig"} and [4](#f04){ref-type="fig"}).

![Molecular phylogenetic trees inferred by partial D-loop sequences analysis by Neighbor-Joining (A) and Maximum Likelihood (B) in *A. gueldenstaedtii* constructed using the Tamura3 parameter plus G model with 1000 bootstrap iterations. ROOT indicates the outgroup species *A. baerii* (NC_017603). The numbers represent the confidence bootstrap values higher than 50. Bla= Black Sea; Casp = Caspian Sea; Azov = Azov Sea.](gmb-37-587-g002){#f02}

![Molecular phylogenetic trees inferred by partial D-loop sequences analysis by NJ (a) and ML (b) in *A. stellatus* constructed using Tamura3 parameter plus G model with 1000 bootstrap iterations. ROOT- indicates the outgroup species *A. baerii* (NC_017603). The numbers represent the confidence bootstrap values higher than 50. Bla= Black Sea; Casp = Caspian Sea; Azov = Azov Sea.](gmb-37-587-g003){#f03}

![Molecular phylogenetic trees inferred by partial D-loop sequences analysis by Neighbor-Joining (A) and Maximum Likelihood (B) in *H. huso* constructed using the Tamura3 parameter plus G model with 1000 bootstrap iterations. ROOT indicates the outgroup species *A. baerii* (NC_017603). The numbers represent the confidence bootstrap values higher than 50. Bla= Black Sea; Casp = Caspian Sea; Azov = Azov Sea.](gmb-37-587-g004){#f04}

mtDNA haplotype networks
------------------------

The haplotype networks of control region sequences showed the genealogical relationships among the haplotypes of three Ponto-Caspian sturgeon species ([Figure 5](#f05){ref-type="fig"}). The haplotype networks did not reflect the results of the diversity indices and phylogenetic trees presented above. The shape of the networks indicated a complex structure with many median vectors (full black circles) and the majority of the circles had the characteristics of old haplotypes (low frequeny, restricted to one basin, connected by multiple mutational steps). Also, only few haplotypes were shared between the seas.

![Median-Joining networks for D-loop mtDNA haplotypes in (A) *H. huso,* (B) *A. stellatus* and (C) *A. gueldenstaedtii* populations. Circle size is proportional to haplotype frequency. Full black circles represent median vectors (missing haplotypes). Colors indicate the geographic origin of haplotypes. Branch lengths are proportional to the number of substitutions per nucleotide site.](gmb-37-587-g005){#f05}

Discussion
==========

For the three Ponto-Caspian sturgeon species a taxonomic classification in subspecies based on morphological, meristic and ecological traits and related to the water body in which they are found was already proposed ([@b31-gmb-37-587]; [@b35-gmb-37-587]; [@b41-gmb-37-587]). Although this taxonomic classification is not unanimously accepted, confirmation might be very important for coordinating useful conservation programs aiming at identifying and managing the proper conservation units of these highly endangered species. A previous molecular study did not support the subspecies designation in sturgeons ([@b17-gmb-37-587]) and supported caveats regarding the classification of subspecies in *A. stellatus*. The differentiation between *A. stellatus stellatus* (Caspian Sea) and *A. stellatus donensis* (Azov Sea) was made based on several characteristics, including head proportions, anal and dorsal fin characters, different rates of growth and maturity ([@b12-gmb-37-587]; [@b39-gmb-37-587]), but later it was found that these features modify with growth and feeding ([@b20-gmb-37-587]) and, in consequence, such taxonomic nomenclature should not be used without genetic support ([@b3-gmb-37-587]; [@b17-gmb-37-587]).

Following this advice, upon analyzing the mitochondrial control region, we did not find evidence for significant divergence and reciprocal monophyly among the sturgeon populations and, consequently, our results did not support their classification as subspecies. Our population aggregation analysis also did not recover any ESUs, although the confidence of our results would increase with a larger number of samples. According to [@b42-gmb-37-587], a critical number of 59 individuals is necessary in order to detect hidden character states in a population. Unfortunately, in sturgeons acquiring a larger number of biological samples is very challenging given the drastically reduced population and the difficulty of sampling due to their particular life cycle and behavior. Also, the fact that the PAA analysis did not reveal any fixed character in subspecies does not exclude that the respective haplotypes are exclusive to a subspecies, or even more, that the subspecies exist as proposed.

All the three sturgeon species as a whole display a high degree of haplotype diversity. The values of haplotype for species diversity lie in the range of 0.96 to 0.99, which is high when compared to many other species. The same pattern of diversity is evident for the investigated subspecies/populations. Nucleotide diversity is considerate to be low to moderate for values from 0.01-0.04. The highest nucleotide diversity (P~i~ - 0.04494) was found in *A. gueldenstaedtii* and was comparable to the value found by [@b24-gmb-37-587] in *A. persicus* from the South Caspian Sea, using as well the mitochondrial control region as molecular marker. Although nucleotide diversity is rather reduced (except for *A. gueldenstaedtii*) at the species, subspecies and population levels, the values obtained are significantly higher than those observed in other sturgeon species, like *A. brevirostrum* ([@b18-gmb-37-587]) and *A. oxyrinchus oxyrinchus* ([@b46-gmb-37-587], [@b45-gmb-37-587]). Nonetheless, the congruence between these results should be treated with care, considering differences in the number of samples included in the studies and the length of the analyzed sequences.

Despite the wide distribution range and the presence of designated subspecies in isolated water bodies, our results show relatively little geographic differentiation and significant gene flow between the subspecies. A sufficient gene flow between populations can slow down or prevent the process of geographic differentiation and, thus, resulting in a small population structure over large areas.

The results illustrated by the phylogenetic trees are congruent with those of the genetic differentiation analysis. The results of the genetic differentiation and gene flow statistical analysis and the absence of monophyletic groups corresponding to subspecies/populations are arguments in favor of the questionable taxonomic classification. In contrast, the haplotype network results showed a strong population structure. The circles of the networks retain the attributes of old haplotypes, and only few haplotypes are shared between the seas basins. Thus, only two among 36 haplotypes of *H. huso*, none among 23 haplotypes of *A. gueldenstaedtii* and only one haplotype among 65 in *A. stellatus* are common to the different basins. Despite the fact that no star-like groupings were identified and the shape of the haplotypes networks might rather suggest a strong mixture of individuals, based on the previous arguments we consider that the networks reflect a strong population structure, even though this was revealed by the statistical indices.

A higher genetic structuring was found in *A. gueldenstaedtii*. This species exhibits great morphological variation, presenting multiple morphs and biological forms, including resident freshwater populations and spring and autumn migratory forms ([@b36-gmb-37-587]). Furthermore, within *A. gueldenstaedtii* genetically distinct lineages for undistinguishable morphology were inferred ([@b7-gmb-37-587]).

The lack of differentiation and the considerable gene flow found in the analyzed sturgeon species could be the result of a relatively recent genetic exchange mediated through the geographical connection established between the three water bodies, but more probably it is the consequence of anthropic influence.

The origin of sturgeon species with a Ponto-Caspian distribution is probably related to the Tethys and Paratethys Seas. The Paratethys Sea was formed during the Late Jurassic (about 160 Mya) and was isolated during the Oligocene (about 34 Mya), when the connections with Tethys Sea were considerably reduced. The Paratethys Sea was localized 15 Mya within the current territory of the Black Sea, Azov Sea, Caspian Sea and Aral Sea ([@b21-gmb-37-587]). *A. gueldenstaedtii,* or its ancestor, appeared in this period, while the rest of the species in the group appeared in the Late Miocene and Late Pleistocene as a result of global and local climate changes.

According to paleontological and molecular data, the dispersion of Ponto-Caspian sturgeon species in the Black Sea, Azov Sea and Caspian Sea occurred in the Pleistocene almost 1.5 Mya ([@b6-gmb-37-587]). The Caspian Sea was the main refuge for the Ponto-Caspian species for the period 15-1.5 Mya. In this period, the anadromous sturgeons like *A. gueldenstaedtii, A. stellatus* and *H. huso* have probably migrated repeatedly from the Caspian Sea to the Black Sea and Azov Sea through water connections that were established between the three basins. Currently, the Azov Sea and the Black Sea are still connected through the Kerch Strait. In the light of evolutionary history of Ponto-Caspian sturgeon species, the small intraspecific differentiation might be a consequence of the genetic exchange mediated through the present water connections on a larger scale over 1.5 million years ([@b17-gmb-37-587]; [@b47-gmb-37-587]).

Similar results showing no or little genetic differentiation within species were found not only in sturgeons ([@b9-gmb-37-587]; [@b19-gmb-37-587]), but also in salmon species. Based on phenotypic and ecological variation, populations of anadromous *Salmo trutta* from the Black, Caspian and Aral Seas have been classified into distinct taxa and considered as different subspecies. The results of molecular studies based on allozyme and mitochondrial markers, however, provided only weak support for this taxonomic distinction ([@b4-gmb-37-587]; [@b29-gmb-37-587]). Moreover, no genetic differentiation was found between anadromous and resident forms of *Salmo trutta*, despite their morphological, demographical and ecological characteristics and the fact that have even been classified as different species in the past ([@b10-gmb-37-587]).

Another source of gene flow is anthropic intervention by the intensive restocking programs of tributaries with sturgeons raised in aquaculture conditions to support the declining wild populations from the Black, Caspian and Azov Seas. Since there is a severe decline of all these species, restocking measures are ongoing for all three basins. Currently it is considered that almost 100% of beluga in the Volga River is hatchery reared. There are data showing that there has also been an intensive restocking in the Caspian Sea, since that 91% of each generation in this species is estimated to come from hatchery stock ([@b23-gmb-37-587]). For *A. gueldenstaedtii* reports indicate that in the early 1990s, between 30--55% of the Caspian stock originated from hatcheries ([@b22-gmb-37-587]). Also, according to some opinions there is no native spawning population remaining in the Azov Sea, but only stocked individuals ([@b48-gmb-37-587]). In the early 1990s, it was estimated that nearly 100% of the Azov Sea population and 30% of the Caspian Sea population of *A. stellatus* were from stocking. More recent estimates are that more than 50% of the Caspian Sea populations are from stocking ([@b49-gmb-37-587]). The restocking programs implying the three Ponto-Caspian species are currently practiced by different countries, like Russia, Romania, Khazakstan, Azerbaidjan, Iran, etc.. In the former Soviet Union, the restocking programs started in the 1960s as a consequence of limitation of spawning grounds following the construction of dams ([@b34-gmb-37-587]; [@b11-gmb-37-587]; [@b16-gmb-37-587]). The Caspian basin has lost a considerable surface (almost 70%) of spawning grounds mainly due to hydro-electric power stations. For example, only the Volgograd dam has dramatically decreased the area of spawning grounds in the Volga River, while the Don River dam removed 68,000 ha of spawning ground, and flow regulation in the Kuban led to the loss of 140,000 ha of spawning grounds ([@b23-gmb-37-587]; Gesner *et al.*, 2013).

Especially in the past, restocking was made without taking into consideration the origin of sturgeon genitors and without a genetic characterization of individuals. In this case, it is not unexpected that the genetic structure of populations was altered as a consequence of hatchery practices and stocking of individuals belonging to other basin. Thus, almost half of the sturgeons released annually from the five hatcheries in the Azov Sea were originated from the Caspian Sea population. Apparently, this was also a common practice for *A. stellatus* and *A. gueldenstaedtii*. For stellate sturgeon the introduction of fertilized eggs from the Caspian Sea into the Azov Sea affected the genetic integrity of Azov Sea population ([@b11-gmb-37-587]).

Our study based on mitochondrial control region analysis reveals a general high genetic diversity within the three Ponto-Caspian sturgeon species but except for *A. gueldenstaedtii*, only very low differentiation between populations. The results of the mtDNA analyses do not support the existence of distinct subspecies corresponding to different basins and reflect a heterogeneous genetic composition of populations, probably as a consequence of uncontrolled restocking practices. A study on sampless collected prior to the onset of restocking programs and now representing museum specimens could be very useful to establish if the lack of differentiation is the result of geological changes or of human intervention, but such a study appears to be very difficult to realize. No ESUs were inferred, limiting thus the recommendations for conservation. For a correct detection of appropriate management units, a larger number of samples should be included in the study, but this might be very challenging considering the current status of sturgeon populations.

Supplementary Material
======================

The following online material is available for this article:

\- Table S1 - GenBank D-loop sequences from sturgeons subspecies.

\- Figure S1 - Variable sites in unique haplotypes of *A. gueldenstaedtii* D-loop region.

\- Figure S2 - Variable sites in unique haplotypes of *A. stellatus* D-loop region.
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